We showed that cyclic strain (CS) of osteoblastic cells induced tyrosine phosphorylation of two homologous tyrosine kinases FAK and PYK2 and of two homologous adaptor proteins Paxillin and Hic5, with similar kinetics. Immunostaining showed that all four proteins where localised to focal contacts in controls. In contrast, the dynamics of their subcellular localisation observed after CS differed. While FAK and paxillin remained at the focal contact, Hic-5 and PYK2 translocated outside ventral focal contacts as early as 30 min after CS and were sequestered by the cytoskeleton. Co-immunoprecipitation showed that the association PYK2/Hic-5 and PYK2/FAK increased with time after strain while that of Paxillin and Hic-5 decreased. Altogether these results suggested that CS regulate focal contact activity in osteoblasts by modulating PYK2-containing complexes in particular by shuttling out of the focal contact the adaptor Hic-5 and favouring the anchorage of FAK within contacts.
INTRODUCTION
It is now well evidenced that mechanical strain plays a major role in the maintenance of bone mass. Osteoblasts, the bone forming cells appear to be the key effectors of osteogenic mechanical stimuli and in vivo studies suggested that loading-induced increase in bone formation was related to an increase in osteoblast recruitment ( 1 ). However, the molecular mechanisms that mediate this response are not clearly identified. Several lines of evidence suggested that integrins, which represent a convergence point of several signals and transmit tension to extracellular matrix (ECM) and to the intracellular structures, including the nucleus, are essential for the signal transduction of a mechanical stimulus ( 2 ). In a previous study, we showed that cyclic stretching of osteoblasts induced an increase in size and number of adhesion plaques, immuno-stained with phosphotyrosine antibodies, demonstrating the involvement of integrins in osteoblastic mechanotransduction ( 3 ). Futhermore, we showed that the strain-induced mitogenic response of osteoblast-like cells depended upon ERK activation under the control of FAK and PYK2 ( 4 ), two yrosine kinases which colocalize to the adhesion plaques ( 5 ). FAK and PYK2 are closely related in their overall structure with about 46% sequence identity (65% similarity) over their entire length ( 6 ). 
MATERIALS and METHODES

Materials
Horseradish peroxidase-conjugated goat anti-rabbit (P0448) and Horseradish peroxidaseconjugated horse anti-mouse (P0447) antibodies were obtained from DAKO. boiling and electrophoresed by SDS-PAGE and analysed by western blotting.
Western blot analysis
After SDS-PAGE, proteins were transferred to nitrocellulose membrane (Bio- Tyrosine phosphorylation of cellular proteins was examined by immuno-blotting using antiphosphotyrosine monoclonal antibody. In response to cyclic strain, a time-dependent tyrosine phosphorylation of several proteins was observed in rat osteosarcoma cell line (ROS 17/2.8) cells ( Fig 1A) as well as in the mouse osteoblastic cell line MC3T3-E1 (data not shown). We found 2 clusters of proteins detected at 110 -125 kDa and at 50 and 65 kDa that might correspond to FAK/PYK2 and paxillin/Hic-5, respectively. The increase in tyrosine phosphorylation level was detected as early as the end of strain and was extended up to 4h for both clusters. In order to identify more precisely the phosphorylation time course of the four focal contact proteins, we first performed an immunoprecipitation of pp125 FAK and PYK2 from lysates of static and stretched cells and probed with anti-phosphotyrosine antibody. FAK phosphorylation increased in a time dependent manner ( Fig 1B) . As for PYK2, its phosphorylation increased immediately after strain ( Fig 1C) and persisted after 4h. We then immunoprecipitated Paxillin and Hic-5 from lysates of static and stretched cells and probed with anti-phosphotyrosine antibody. High levels of Paxillin phosphorylation began immediately after strain (Fig 1D) as well as Hic-5 and remained at the same level at 4h ( Fig   1E) .
Distinct localisations of focal contact proteins induced by cyclic strain.
As the time course of phosphorylation of the four focal contact proteins was roughly similar, we focalized on the relocalisation and physical interactions of these proteins under cyclic strain. The homologous proteins paxillin and Hic-5 exhibited different subcellular localisations induced by mechanical strain. Paxillin immunofluorescence staining essentially localized to focal adhesion plaques and remained unchanged in strained compared to control cells (Fig 2A) . In contrast, Hic-5 immunostaining showed a significant fraction of Hic-5 protein shuttling from the focal contact to the cytoplasm 30 min. after strain and appeared associated with fibrillar structures of the cytoskeleton after 240 min (Fig. 2C) . FAK remained at the focal contact regardless of the time point observed (Fig. 2B ). In contrast, PYK2 shuttled from focal contact to perinuclear regions of the cytoplasm 30 min after strain, this diffuse cytoplasmic localization observed under basal conditions was resumed 240 min after strain (Fig. 2D) . In order to illustrate more precisely the Hic-5 localisation after cyclic strain, we visualised Hic-5 in the nuclear plane 30' after strain (Fig. 3A) and found that Hic-5 was not present is the nucleus, moreover in the same field, punctuated staining were detected in apical structures of the cells (Fig. 3B) demonstrating that central staining observed in Fig. 2B & 2C could not be attributed to a nuclear translocation of Hic-5 under strain. Using a larger magnification, we demonstrated that Hic-5 was clearly associated with fibrilllar structures 240' after strain (white arrows) (Fig. 3C) .
Interactions between focal contact proteins are modified by cyclic strain.
In the present study, co-immunoprecipitation experiments evidenced a strong and constant interaction between Paxillin and PYK2 regardless of the mechanical condition (Fig. 4A) .
Association between PYK2 and Hic-5 increased in a time-dependent manner under strain ( Fig   3C) as well as the association of PYK2 and FAK (Fig. 4D) . These associations were specifically induced by cyclic strain because as demonstrated by the absence of complexes in unstrained cells. Conversely, the association between Hic-5 and paxillin decreased during the 240 minutes of recovery after strain (Fig 4B) . These results suggest that paxillin and FAK which are both phosphorylated under mechanical stimulus remained localized to the focal contact. In contrast, a fraction of PYK2 and Hic-5 shuttled out of focal contact inducing a release of Hic-5 from paxillin. Interestingly, in the same time, we observed a strengthening of PYK2/FAK association under mechanical strain (Fig. 4D) suggesting a central role of PYK2 in osteoblasts submitted to cyclic strain.
DISCUSSION
We previously showed that tyrosine kinases FAK and PYK2 are critical for strain-induced increase in osteoblastic proliferation (3). However, knowing the complexity of the relationships between their signalling partners, further analyses were needed to begin to decipher their respective role in osteoblastic mechanotransduction pathways. In endothelial cells exposed to hemodynamic shear stresses, the spatial reorganization of focal adhesion proteins associated with mechanotransduction plays a major role, especially because the forces vary greatly over subcellular distances ( 23 ). Thus, we investigated spatiotemporal components of signalling molecules such as FAK, Paxillin and their homologues PYK2 and Hic-5 in osteoblasts.
In the present study, beside FAK and PYK2, we found that paxillin and its homologue Hic-5
were also tyrosine-phosphorylated under mechanical strain. These four proteins localised to focal contacts under basal conditions and cyclic strain led to a shuttling of a Hic-5/PYK2
complex out of the focal contacts while FAK and paxillin remained to the focal contacts In summary, we showed that mechanical strain activated two homologue tyrosine kinases, PYK2 and FAK that are both involved in integrin signalling. Moreover, PYK2, which can also be activated in response to a variety of agonists, hormones, or ion channel activation, was found to be specifically associated to different proteins under strain depending of cell compartments. We showed PYK2 associated with Hic-5 in cytoplasmic compartement and with FAK at focal adhesion sites in strained cells (Fig. 4) . The redistribution of focal contact proteins under mechanical strain suggested a new way of regulation that implied PYK2 both in cytoplasm compartment by severing the paxillin inhibitor Hic-5 and in focal contact by complexing and activating FAK.
In conclusion, as more and more data have been accumulated concerning intracellular signalling pathways of mechanotransduction in osteoblasts ( 33 , 7), roles of individual molecules tend to become more and more obscure. Thus, some integrated studies are desirable to clarify the complicated intracellular signalling pathways as a whole. PYK2 may be an important newcomer in the mechanotranduction field, as it was emphasized for endothelial cells (23) , because it may be located at a critical crossing point of multiple signalling pathways. Subconfluent monolayers of ROS17/2.8 were subjected to cyclic strain. Cells were then fixed and immunostained immediately after strain (0'), 30 minutes (30') or 240 minutes (240') after strain with anti-paxillin (Fig 2A) , anti-FAK (Fig 2B) , anti-Hic-5 ( Fig 2C) and with anti-PYK2 antibody (Fig 2D) . We observed that in controls and immediately after strain the four proteins were localized at focal contacts. Whatever the timing, Paxillin and FAK remained associated with focal contact proteins, this is in sharp contrast with the redistribution found for HIC-5 that is found cytoplasmic as soon as 30' after strain and clearly associated with fibrillar structures of the cytoskeleton 240 minutes after strain. As for PYK2 wich presented a diffuse (cytoplasmic) and focal contact pattern at 0' and 240', we observed a complete diffusion of the staining 30' after strain. Bar 10 µm. Subconfluent monolayers of ROS17/2.8 were subjected to cyclic strain. Cells were then fixed and immunostained 30 minutes (30') or 240 minutes (240') after strain with anti-Hic-5. Same field is illustrated in (A and B) , Visualisation of Hic-5 in the nuclear plane (Fig. 3A) illustrated that Hic-5 was not present is the nucleus and that punctuated staining observed 30' after cyclic strain were detected in apical structures of the cells (Fig. 3B) . Hic-5 staining 240' after strain illustrated that Hic-5 associated with fibrilllar structures (white arrows) (Fig. 3C) .
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